SUMMARY Visual extinction was studied in a patient with neglect from a right hemispheric lesion. Extinction occurred during double simultaneous stimulation within the same visual hemi-field (VHF). This finding suggests that interhemispheric rivalry is not a critical factor. During double simultaneous stimulation within the same VHF as well as with stimuli in different VHFs, the severity of extinction was determined by both the retinotopic and the hemispatial position of the extinguished stimulus. The location of the other stimulus, however, did not seem relevant. It is proposed that damage to a corticolimbic-reticular system reduces attentional capacity and that extinction during double simultaneous stimulation in the visual modality reflects an inability to distribute the limited attentional resources equally to two different locations. The severity of extinction is a measure of an unequal distribution of attention along a gradient within visual space.
Sensory extinction can be defined as a failure to report or respond to one of two simultaneously presented stimuli, despite the fact that each stimulus is correctly detected and localised when presented in isolation. Extinction most often occurs after damage to the cerebral hemispheres, and although left sided extinction had been reported to follow left hemispheric lesions,' it is usually the stimulus presented on the side opposite the lesion that is extinguished when bilateral simultaneous stimulation is given. Extinction may be demonstrated in one modality only, or it may be multimodal.
Although several hypotheses had been advanced to explain extinction, its neuronal mechanisms remain poorly understood. Nathan2 and Reider3 proposed that extinction during bilateral simultaneous stimulation resulted from suppression of the damaged hemisphere by the intact one. Along similar lines, Furmanski4 in his model emphasised interactions between ipsilateral and contralateral cortical "suppressor" areas and thalamic relay nuclei. To explain extinction by the nucleus reticularis thalami model, Heilman et al' posited that each association cortex may project to both ipsilateral and contralateral thalamic reticular nuclei. Whereas the ipsilateral projections from association cortex may inhibit the nucleus reticularis thalami, the contralateral ones would facilitate the activity of this nucleus. The nucleus reticularis thalami projects to that thalamic relay nuclei and inhibits thalamic relay to the cortex.6
Lesions of the association cortex would result in less inhibition of the ipsilateral nucleus reticularis, in turn leading to an increase in the inhibition of the thalamic sensory nuclei and raising the sensory threshold for contralateral stimuli. During bilateral simultaneous stimulation, the activity of the nucleus reticularis on the damaged side would be further increased by the facilitatory projections from the normal side and cause the extinction of the contralateral stimulus.
Focusing on the temporal rather than on the anatomical determinants of extinction, Birch et al7 pro- nosed that due to its slower processing of information, the damaged hemisphere is more subject to interference from the normal side. They supported this model by demonstrating that stimulating the affected side in advance of stimulating the intact side reduced extinction. Although the models discussed so far emphasise interhemispheric rivalry during bilateral simultaneous stimulation and ascribe an active inhibitory role to the intact hemisphere over the damaged one, other investigators have implicated defects of attention as the underlying mechanism.8-'10 However, the attentional hypothesis was criticised by Bender,"1 who concluded in his monograph on the subject that inattention was not a satisfactory explanation, because directing the patient's attention to the 1118 affected side did not eliminate extinction. Critchley, 12 on the other hand, attributed a prominent role to defective attention, and pointed out that many patients with parietal lobe damage who show extinction are in fact unable to direct their attention to the side opposite their lesion. Denny-Brown13 made a similar observation in a patient with trimodal extinction after a right parietal infarct who also showed a "persistent deficit in awareness relating to the left side of the body and extrapersonal space". Denny-Brown believed the disorder represented a disturbance in the cortical spatial summation of sensory data and that this "amorphosynthesis" was the result of damage to the "parietal half-center of perception". Although Denny-Brown regarded attention as an epiphenomenon, secondary to the disorder of perception, he did observe that "its application to the left side was transitory".
The role of attention was reemphasised by Heilman,14 who proposed the limited-attention theory of extinction. According to this theory, under normal circumstances each hemisphere processes the contralateral stimulus when bilateral simultaneous stimulation is given. Damage to a hemisphere renders the organism inattentive to stimuli on the contralateral side. As the organism recovers, the ability to attend to contralateral stimuli is regained, and this may be mediated by the normal hemisphere. However, the normal hemisphere may have limited attentional capacity. During bilateral simultaneous stimulation, the normal hemisphere's attentional mechanisms are occupied by the contralateral stimulus and are unable to attend to the ipsilateral one. In addition to postulating that extinction may be related to limited attentional capacity, Heilman and coworkers5 15 also suggested that each hemisphere was not only responsible for attending to stimuli in the contralateral visual hemifield (VHF) but also may be attending to stimuli in contralateral head and body hemispace, independent of VHFs.
Hemispace is a complex concept that can be defined according to VHFs field of each eye fall on the temporal portions of the retina and will be projected to the ipsilateral hemisphere by uncrossed temporal fibres. In conditions c, d, e, and f we tested extinction in the temporal monocular field of each eye and therefore did not use a partition.
Rapid flexions of the examiner's index fingers at the metacarpophalangeal joint served as stimuli and were presented in a frontoparallel plane 10cm in front of the patient. After making certain that the patient could detect single stimuli accurately in all sections of the visual fields, double simultaneous stimulation was carried out intermixed with single stimulations in a random order until a total of 30 double simultaneous stimulations were performed in each testing condition. The patient was instructed to say whether he saw the stimulus presented to the left or to the right or whether he saw both in the following testing conditions: In condition a both stimuli were presented to the left VHF and were projected to the right hemisphere. However, one was in left hemispace and the other was in right hemispace (fig la). In condition b both stimuli were presented to the right VHF and were projected to the left hemisphere. One was in left hemispace, the other in right hemispace (fig lb) . In condition c both stimuli were in the left hemispace 10cm apart and the position of the more peripheral stimulus was the same as in condition a. Both stimuli were presented to the temporal monocular field of the left eye (left VHF), and 1119 both were projected to the right hemisphere since they fell on nasal retina (fig lc) . In condition d both stimuli were 10cm apart in the right hemispace, and the position of the more peripheral stimulus was the same as in condition b. Both stimuli were presented to the temporal monocular field of the right eye (right VHF), and both were projected to the left hemisphere because they fell on nasal retina (fig ld) . In condition e both stimuli were in the left hemispace and the position of the more peripheral stimulus was the same as in conditions a and c. However, the distance between the stimuli was increased to 20cm by presenting the other stimulus 10cm closer to the midline than in condition c. Both stimuli were still presented to the temporal monocular field of the left eye (left VHF), and because they fell on nasal retina both were projected to the right hemisphere (fig le) .
In condition f both stimuli were in the right hemispace and the position of the more peripheral stimulus was the same as in conditions b and d. However, the distance between the stimuli was increased to 20cm by presenting the other stimulus 10cm closer to the midline than in condition d. Both stimuli were still presented to the temporal monocular field of the right eye (right VHF), and were projected to the left hemisphere, since they fell on nasal retina (fig 1f) .
Results
Single stimuli were always correctly identified. Of the 30 trials of double simultaneous stimulations within the left VHF, the patient extinguished the stimulus that was more contralateral to the side of the lesion 26 times in condition a (87%), 25 times in condition c (83%), and 24 times in condition e (80%). (The term "more contralateral" is used in this paper to designate the stimulus that is on the left side of the pair of stimuli presented simultaneously in all experimental conditions.)
Of the 30 trials of double simultaneous stimulation within the right VHF, extinction of the more contralateral stimulus occurred five times in condition b (17%), once in condition f (3%), and not at all in condition d. The results of Experiment 1 are summarised in table 1 . Discussion
The results of Experiment I demonstrate that extinction can occur during double simultaneous stimulation within the same VHF, thus excluding the possibility that it is caused by interhemispheric rivalry. Instead, there appears to be a limited capacity to attend to the stimulus that is more contralateral to the side of the lesion.
The severity of extinction is determined by the position of the more contralateral stimulus: it is maximal when that stimulus is in the peripheral parts of the left VHF and the left hemispatial field (conditions a, c, and e), whereas the patient's performance is essentially normal when the more contralateral stimulus is In the previous experiment we found that the location of the stimulus that is more contralateral to the side of the lesion determines the severity of extinction. In this experiment we attempted to define whether the retinotopic or the hemispatial position of the more contralateral stimulus is the critical factor.
Because this set of experiments was conducted some time after Experiment 1, we first repeated conditions a and b of that experiment to establish a new baseline (figs 2a and b).
We then asked our patient to deviate his eyes 300 to the left, without changing head or body position. The cardboard partition was also rotated 30°to the left, so that it was positioned halfway between the new fixation axes of the eyes (fig 2) . The patient was again instructed to gaze at distance. The stimuli were then presented at hemispatial positions identical to those of condition a in Experiment 1. However, because of eccentric fixation, these stimuli would now be presented to the right VHF, with the stimulus in left hemispace falling on the temporal retina of the left eye and the stimulus in right hemispace falling on the nasal retina of the right eye. Retinotopically, therefore, this is the equivalent of condition b of Experiment 1, but hemispatially it is identical to condition a of that experiment ( fig 2) . As before, 30 double simultaneous stimulations were performed intermixed with single stimulations in a random order, and the patient's response mode also remained the same.
The methods used for testing extinction with eccentric fixation to the right were similar to those described above, except that now the stimuli were presented at hemispatial locations identical to those in condition b of Experiment 1. Retinotopically, however, it was the equivalent of condition a of Experiment 1, because both stimuli were presented to the left VHF (fig 2) .
Single stimuli were always correctly identified. Extinction of the more contralateral stimulus occurred on 93% of the trials in condition a when that stimulus was in the left VHF and the left hemispatial field, and on 7% of the trials in condition b when the more contralateral stimulus was in the right VHF but in left hemispatial field.
Extinction of the more contralateral stimulus occurred on 14 
Hemispace-visual field interactions in visual extinction

Discussion
As shown by the results of Experiment 2, changes in the angle of gaze during eccentric fixation influenced the severity of extinction under conditions that were hemispatially identical (left eccentric fixation and condition a; right eccentric fixation and condition b), indicating that the retinotopic position of the more contralateral stimulus is a significant factor. However, it is not the only factor, because the severity of extinction was not the same under conditions that were retinotopically identical, but where the hemispatial position of the more contralateral stimulus was different (left eccentric fixation and condition b: right eccentric fixation and condition a). These findings suggest that both the retinotopic and the hemispatial position of the more contralateral stimulus are significant in determining the severity of extinction. Although interhemispheric rivalry cannot account for extinction during double simultaneous stimulation within the same VHF, such rivalry might be involved when the stimuli are presented simultaneously to different VHFs. In this experiment we tried to determine whether interhemispheric rivalry that could occur during double simultaneous stimulation with stimuli in different VHFs alters the pattern of extinction found in Experiment 1 with double simultaneous stimulation within the same VHF.
In this experiment the cardboard partition was used as in conditions a and b of Experiment 1. In condition a both stimuli were in the left hemispace and were monocularly viewed by the left eye (fig 3a) . The stimulus that fell on the nasal retina was projected to the right hemisphere (left VHF), while the stimulus that fell on temporal retina was projected to the left hemisphere (right VHF).
In condition b both stimuli in the right hemispace were monocularly viewed by the right eye (fig 3b) . The stimulus that fell on nasal retina was projected to the left hemisphere (right VHF); the stimulus that fell on temporal retina was projected to the right hemisphere (left VHF). In condition c the stimulus in the left hemispace was monocularly viewed by the left eye, and because the image fell on the nasal retina it was projected to the right hemisphere (left VHF). The stimulus in the right hemispace was monocularly viewed by the right eye, and because it fell on the nasal retina it was projected to the left hemisphere (right VHF). This is the usual clinical method of testing for extinction to double simultaneous stimulation, and if care is taken to ensure that the stimuli are presented to the temporal monocular field of each eye, the use of a partition is not necessary (fig 3c) .
Results
Single stimuli were always correctly identified. On 30 trials of double simultaneous stimulations, the stimulus more contralateral to the lesion was extinguished 
General discussion
When extinction follows damage to the cerebral hemispheres, it occurs most commonly after lesions in the temporoparietal region.'6 Extinction can be seen in isolation (often in the course of recovery from a more profound hemi-inattention) or with other components of the neglect syndrome, such as hemiakinesia and hemispatial neglect.5 It has been proposed that the neglect syndrome is due to a unilateral disturbance of arousal and attentional mechanisms, caused by a dysfunction in a corticolimbic-reticular formation loop. 17 hemispace on a variety of perceptual and motor tasks, pointing to a disturbance of the hemispheric mechanisms that are involved in the perception and the mediation of activities in contralateral hemispace. Evidence from previous studies suggests that head and body hemispace are important in determining the symptoms of hemispatial neglect.20 21 However, the role of hemispace-visual field interactions in extinction that occurs in the setting of the neglect syndrome has not been previously addressed.
We have demonstrated that extinction occurs during double simultaneous stimulation within the same VHF. Extinction under these circumstances cannot be explained by interhemispheric rivalry, since the stimuli are presented to one VHF only. It seems, rather, that after damage to the right hemisphere, there is reduced capacity to attend to the stimulus that is more contralateral to the side of the lesion during double simultaneous stimulation. It is also apparent that extinction is most severe when the more contralateral stimulus is in the peripheral parts of left VHF or left hemispatial field, while the patient's performance is essentially normal when the more contralateral stimulus is in the peripheral parts of right VHF or right hemispatial field. This suggests that inattention to the more contralateral of two simultaneously presented stimuli has a gradient of severity from a maximum in extreme contralateral hemifield or hemispace to a minimum in extreme ipsilateral hemifield or hemispace. However, from the results of Experiment 1 alone we could not determine whether the hemispatial location of the more contralateral stimulus or its retinotopic location was the critical factor.
To answer this question, we attempted to dissociate VHF from the hemispatial field in Experiment 2. If the hemispatial location of the more contralateral stimulus is the critical factor, then one would anticipate no change in the severity of extinction during eccentric fixation, since the hemispatial positions of the stimuli with reference to a head-and-body-centred coordinate system remained unchanged, despite a change of their retinotopic locations (left eccentric fixation and condition a of Experiment 1; right eccentric fixation and condition b of Experiment 1). If, however, the retinotopic location of the more contralateral stimulus is the key determinant, the severity of extinction during double simultaneous stimulation will vary with the angle of gaze. A further prediction is that if the retinotopic location of the more contralateral stimulus is the sole determinant, the severity of extinction should be the same in the conditions that are retinotopically identical (left eccentric fixation and condition b of Experiment 1, right eccentric fixation and condition a of Experiment 1), even though the hemispatial locations of the stimuli are different.
The results of Experiment 2 show that the severity ofextinction is influenced by the angle of gaze. At first glance this could be interpreted to suggest that the retinotopic location of the more contralateral stimulus is the critical factor. However, it is also apparent that the severity of extinction was not the same in the conditions that were retinotopically identical but hemispatially different (47% with left eccentric fixation but 7% in condition b; 77% with right eccentric fixation but 93% in condition a), indicating that the hemispatial position of the more contralateral stimulus was also an important factor.
Although interhemispheric rivalry cannot account for extinction that occurs during double simultaneous stimulation within the same VHF, such rivalry could conceivably have an influence on extinction during double simultaneous stimulation within different VHFs (Experiment 3). However, interhemispheric rivalry alone cannot explain why the severity of extinction varied as a function of the position of the more contralateral stimulus (conditions a and c versus condition b in Experiment 3). The results of Experiment 3 are similar to our previous finding of a hemispatial/visual field gradient of inattention to the more contralateral of two simultaneously presented stimuli within the same VHF in Experiment 1. This gradient of inattention to the more contralateral stimulus therefore determines the severity of extinction during double simultaneous stimulation within different VHFs as well.
Zihl and Cramon22 studied visual extinction during double simultaneous stimulation within different VHFs in a patient who had a left temporoparietal infarction and had CT scan evidence of an infarction of the left posterior thalamus as well. When double simultaneous stimulation of homologous regions in the left and right VHFs were performed, the severity of the extinction increased as a function of the eccentricity of the stimulus contralateral to the side of the lesion. Extinction of the contralateral stimulus occurred on the majority of the trials beyond 250, thus suggesting again that there is a gradient of inattention to the more contralateral stimulus that is a function of retinotopic or hemispatial eccentricity.
Invoking interhemispheric rivalry to explain extinction that occurs during double simultaneous 1123 stimulation within different VHFs therefore seems superfluous. Based on the results of our experiments, we propose that extinction to double simultaneous stimulation in the setting of the neglect syndrome is due to a reduced capacity to attend to the stimulus that is more contralateral to the side of the lesion. After damage to the right hemisphere, this inattention to the more contralateral stimulus affects the entire unified binocular visual field and spatial attentional field, rather than a particular VHF or hemispatial field, but with a gradient of severity that is determined by the position of the more contralateral stimulus both within a retinotopic coordinate system and in reference to a head-and-body-centred spatial coordinate system. The position of the other stimulus is not relevant (see fig 4) .
Studies of single cell recordings in primates offer some clues to the neuronal mechanisms that mediate the function of attending to stimuli within the different sections of visual space. Recording from cells in the postarcuate cortex of the monkey, Rizzolatti et a123 found that of the neurons studied, 29% had exclusively contralateral visual receptive fields, 2% had ipsilateral receptive fields, and 69% had bilateral receptive fields. The bilateral fields were always around the midline, with various lateral extensions according to the neuron, and the responses elicited from the contralateral field were often stronger than the response to ipsilateral stimuli. Rizzolatti et a124 postulated that because of this arrangement, the most lateral part of visual space is represented almost exclusively in one hemisphere, whereas the central part of visual space is represented in both hemispheres. After a lesion in one hemisphere, the capacity to orient to visual stimuli will therefore be affected in the entire visual space, but with a gradient of severity from a maximum in extreme contralateral hemifield or hemispace to a minimum in extreme ipsilateral hemifield or hemispace.
In 28 The responses of the parietal light-sensitive neurons to visual stimuli are also significantly influenced by the angle of gaze; this finding suggests that the intensity of their response depends both upon the retinotopic location of the visual stimulus and its spatial position.29 Andersen and Mountcastle29 proposed that there is an interaction between spatial fields mapped by changes in the angle of gaze effect on neuronal responses to visual stimuli and the retinotopic receptive fields and that such a mechanism may function to shape the spatial field of responsiveness of the ambient visual system. Given the response properties of the light-sensitive neurons, damage to these cells from a unilateral parietal lobe lesion could conceivably result in an inability to attend to the more contralateral of two simultaneously presented stimuli with a maximum of severity when the more contralateral stimulus falls within the contralateral monocular crescent or most peripheral part of contralateral hemispace.
Area 7 and the periarcuate cortex are reciprocally connected and are part of the corticolimbic-reticular system that is implicated in mediating attention to stimuli in contralateral hemispace.5 As shown by the present case, damage to this system causes extinction during double simultaneous stimulation, due to a limited capacity to attend to the stimulus that is more contralateral to the side of the lesion. Extinction during double simultaneous stimulation in the visual modality therefore represents an inability to distribute the limited attentional resources equally to two different locations. The severity of extinction is a measure of an unequal distribution of attention along a gradient within visual space. The exact neurophysiological correlates of this postulated reduction of attentional capacity, as well as the mechanisms that determine its distribution, however, remain unknown. This work was supported by the Medical Research Service of the Veterans Administration, National Institutes of Health Grant MH-34752, and the Memory Disorders Clinic, State of Florida.
